Aerocapture is one of the essential technologies for future large-scale space exploration missions, as it can significantly reduce the Δv and fuel requirement. The performance and robustness of two different aerocapture control methods are analyzed around Mars exploration, and then an analytic predictor-corrector guidance algorithm for drag modulation flight control system is proposed. A piecewise linear function between velocity and flight path angle is established by appropriate approximations and assumptions, and then the state at atmosphere interface can be predicted by an analytical method; therefore, aerocapture guidance can be realized by feedback control. Numerical simulation is used to evaluate performance and robustness of the algorithm. The simulation results show that the guidance algorithm is accurate and robust, which can effectively overcome the influence of atmospheric density error, aerodynamic parameter error, and initial state uncertainty.
Introduction
For a planetary orbital mission, the probe must implement a series of maneuvers to ensure that the probe is captured and becomes an orbiter when arriving at the target. The requirement of velocity reduction has been an important constraint, and the probe must carry so much propellant that limits the dry weight of it. Therefore, it is one of the problems on how to save the propellant and enter the target orbit quickly and accurately. Aerocapture is an effective way to solve the problem above [1] [2] [3] . The fundamental principle of aerocapture is to reduce the velocity by utilizing the aerodynamic drag effectively when crossing the planet's atmosphere, and only a small amount of propellant is needed for achieving the target orbit. As shown in Figure 1 , the probe enters the atmosphere along the hyperbolic orbit and then slows down thanks to aerobraking. If the velocity decrement is appropriate, the probe will fly out of the atmosphere and be an orbiter, but when the perigee is still below the atmosphere at the moment, a correction maneuver must be carried out to raise the perigee when arriving at the apogee. The precise control of the velocity decrement is crucial for aerocapture.
Guidance is one of the significant factors in achieving aerocapture. The guidance algorithm of aerocapture is related to the control variables. In general, the state variables that can be adjusted include lift and drag; correspondingly, there are two kinds control modes: lift modulation mode and drag modulation mode. The first one is to correct the flight trajectory by adjusting the lift direction. In this way, the probe must be able to generate a lift during flight; it is generally using a centroid offset blunt-cone configuration like Mars Science Laboratory [4] , as shown in Figure 2 . Here, the bank angle is defined as the angle of rotation around the velocity vector.
Another way is to adjust the drag by changing the reference area of the probe, such as hypersonic inflatable aerodynamic devices (HIADs) [5] [6] [7] [8] . In order to control the velocity decrement, the probe may need to increase or decrease the reference area when captured trajectory deviates from a predetermined trajectory [9] , as shown in Figure 3 .
Up to now, a variety of aerocapture guidance algorithms has been developed for the lift modulation flight control system, such as the analytical predictor-corrector (APC) [10] [11] [12] [13] [14] , the energy controller (EC) [15] , the numerical predictor-corrector (NPC) [16] , and the terminal point controller (TPC) [12, 17] . Through the comparison of these algorithms, it is found that APC has certain advantages in precision, complexity, and robustness [18] .
Medlock and Gates have studied the theory and applications of ballute aerocapture and proposed a dual-use ballute system for the exploration of the solar system [19] . Putnam and Braun proposed the concept of the drag modulation flight control system and analyzed the guidance performance using NPC [9] . For the drag modulation flight control system, the current guidance algorithm research mainly focuses on NPC. It relies on the accuracy of the atmospheric density model, and its computational complexity is very high which limits its application. Aiming at the shortcomings of the numerical predictor-corrector algorithm, this paper presents an analytical predictive guidance algorithm for the drag modulation flight control system which can overcome the above disadvantages and make it possible for engineering applications.
Dynamic Equation
The probe is modeled as a rigid body flying in a stationary atmosphere of a nonrotating planet which is assumed to be a uniform sphere. The 3 DOF equations of motion are given as follows [10] :
where r, θ, λ, v, γ, ψ, and ϕ are the radius, longitude, latitude, velocity, flight path angle, heading angle, and bank angle, respectively, D is the drag acceleration, and L is the lift acceleration, defined in
where C D is the drag coefficient, C L is the lift coefficient, S is the reference area, m is the mass of the probe, and β = m/ C D S is the ballistic coefficient. A scale height exponential density profile is used to compute the atmospheric density ρ at the height relative to the surface h.
where ρ 0 is the atmospheric density at the surface and h s is the scale height. The gravity acceleration can be modeled with sufficient accuracy using standard gravity models [10] .
For the lift modulation flight control system, the ballistic coefficient β can be assumed to be constant, and the bank angle ϕ is the unique control variable. For the drag modulation flight control system, it is assumed that the probe is always flying close to a 0-degree angle of attack; in other words, there is no lift. The variable that can control the probe is the ballistic coefficient, which contains the drag coefficient and the reference area.
Guidance Law
3.1. Lift Modulation. The analytical predictor-corrector guidance algorithm based on lift modulation has been presented in [7, 9] . This algorithm uses an analytical solution to predict the atmosphere exit conditions. The algorithm contains two phases: the equilibrium glide phase and the exit phase.
3.1.1. Equilibrium Glide Phase. Because of the low atmospheric density at the initial phase, the lift is very small and the control variable is easily saturated. Therefore, the bank angle is usually stabilized at 0 deg. The main motion characteristic of the probe in the equilibrium glide state is that the flight path angle is near zero and the altitude change rate is maintained in a small range. The primary purpose at the equilibrium glide phase is to reduce the velocity by aerodynamic drag. The derivative of the flight path angle γ is set to zero.
Then the equilibrium glide state corresponding to the bank angle can be described as 
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The dynamic pressure can be expressed as
where K is the factor which indicates the lift margin at the equilibrium glide state; the reference drag acceleration profile is shown below:
Just only controlling the bank angle tracking reference drag can maintain the equilibrium glide state; the bank angle command can be calculated by the following: 
Exit Phase.
When the velocity reaches a certain threshold, it switches to exit the guidance algorithm. The algorithm determines the reference derivative of the height h ref according to the target orbit apogee height and controls the probe to track it. Thus, the form of the command bank angle is as follows:
In order to calculate the reference altitude change rate h ref , it is necessary to obtain the velocity loss due to aerodynamic drag first
The velocity when exiting the atmosphere can be computed coupled with the effect of gravity.
where r exit is the radial distance from the center of Mars to the atmosphere interface. If assumed that the vertical acceleration is constant, the vertical velocity at the atmosphere interface can be obtained:
Further, the desired exit velocity can be obtained according to the height of the center of the target orbit.
where r a is the apogee radius of the target orbit. In summary, the reference derivative of the height h ref can be obtained by multiple iterations.
where
3.2. Drag Modulation. It is not difficult to find from the previous analysis that the core idea of the lift modulation guidance algorithm is to assume that the altitude change rate is constant during the exit phase and the altitude change rate can be predicted based on the target orbit and the current state, and then it only need to control the bank angle to track the reference altitude change rate. With reference to this idea, it is necessary to find some parameters which are related to the target orbit, and this relationship can be expressed as an analytic function. It is found that the velocity is correlated with the flight path angle when the probe is flying with a fixed ballistic coefficient. It can be seen that the velocity and the flight path angle are approximately linear and can be approximated by a piecewise linear function as follows: International Journal of Aerospace Engineering
In this condition, the current velocity and drag acceleration can be reversed according to the exit velocity v exit and exit flight path angle γ exit , and then the required ballistic coefficient can be determined. The perigee and apogee heights after aerocapture are h p and h a , respectively (see Figure 4) .
According to the orbital dynamics equation, the target orbit parameters can be calculated as follows:
where a exit , e exit , H exit , and E exit are semimajor axis, eccentricity, orbital angular momentum, and orbital energy, 5 International Journal of Aerospace Engineering respectively, and R 0 is the average radius of Mars. Furthermore, the radius, velocity, and flight path angle at the atmosphere interface can be calculated:
The derivative of (17) is
The probe can be a guide into a predetermined orbit by tracking the reference velocity v ref and the reference drag D ref through controlling the ballistic coefficient β, and the command ballistic coefficient β cmd can be achieved by the following feedback control:
where β cmd is the command ballistic coefficient and β k−1 is the ballistic coefficient of the previous step. After some attempts, the step size less than 0.1 s may achieve a satisfactory result. G v and G D are gain coefficients, respectively; all that remains is to determine k v1 , k v2 , c v1 , and c v2 . According to the definition,
When γ = 0, the altitude change rate r = 0, so r γ=0 = r min ≈ r p ; it can be found that v γ=0 satisfies the following equation from Figure 5 :
Substituting (23) into (22),
Similarly, when γ = γ exit , r = r exit , v = v exit , and D ≈ 0, International Journal of Aerospace Engineering γ s1 and γ s2 can be obtained simply:
Aerocapture Corridor
The aerocapture corridor is an important parameter for evaluating the robustness of the guidance algorithm. Here, the corridor is defined as the span between the minimum and the maximum flight path angles for reaching the target orbit. In other words, the corridor is the boundary of the flight path angle which can ensure the probe to enter a predetermined orbit. The aerocapture corridors of the two methods are compared when the apogee height of the target orbit is about 1000 km ± 100 km, as shown in Figure 6 . It can be found that the corridors of the two methods show a similar trend: as the initial entry velocity increases, the flight path angle gradually approaches 0 deg and the width of the corridor becomes narrower. For the lift modulation mode, when ϕ = 0 ∘ , the probe generates an upward lift, and the flight path angle reaches the lower boundary, and when ϕ = 180 ∘ , the probe generates a downward lift, and the flight path angle reaches the upper boundary. The width of the corridor in the lift modulation is directly related to the lift-drag ratio, when L/D = 0.4, the width of the corridor is more than 1.5 deg, and the corridor is reduced to a curve when L/D = 0; although it is theoretically possible to achieve capture, because of no ballistic correction capacity, the probe cannot overcome the influence of uncertainty and error. Therefore, when using the lift modulation method, increasing the lift-drag ratio to obtain a higher design margin and robustness should be tried.
For the drag modulation mode, the width of the capture corridor is approximately proportional to the ballistic coefficient ratio. If the minimum ballistic coefficient is β 1 = 100 and the maximum is β 4 = 800, when v 0 = 5, the width of the corridor is about 1 deg. If the minimum ballistic coefficient is β 2 = 200 and the maximum is β 3 = 400, the width of the corridor is only 0.3 deg, so this ratio between the minimum ballistic coefficient and maximum ballistic coefficient should be increased as far as possible.
Guidance Performance
5.1. Simulation Condition and Parameters. The numerical simulation is carried out for Mars exploration, which is used to verify the effectiveness of the guidance algorithm. Mars is assumed to be a uniform sphere, and its rotation effect is ignored. The gravitational constant μ is taken as 4.2828 × 10 4 km 3 /s 2 , Mars radius R 0 is taken as 3397 km, the step size in simulation is taken as 0.1 s, and the other parameters and initial conditions are shown in Table 1 [4] .
The validity of the atmospheric model directly affects the effectiveness of the guidance algorithm performance evaluation. Therefore, the uncertainty of the atmospheric density is taken into account in the simulation. A random error with height variation is added to the exponential atmospheric density model. The variation characteristics are shown in Figure 7 .
Although the model has a certain difference compared with Mars Global Reference Atmospheric Model (Mars-GRAM), it can also reflect the main characteristics of the Mars atmosphere: the atmospheric density uncertainty and height are correlated with each other; the higher the height, the greater the uncertainty [20] .
APC for Lift Modulation.
The performance of the analytical predictor-corrector guidance algorithm based on lift modulation is shown in Figures 8-10 . Table 2 shows the distribution of perigee and apogee height under different liftdrag ratios. 
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It can be seen that the perigee and apogee heights are both deviated from the desired value by a constant, the deviation of perigee is about 15-20 km, and the deviation of apogee is about 400-500 km. By further analysis, it was found that as the height increased gradually, the ability to track the reference altitude change rate h ref was weaker, so that the bank angle was fixed at 0 deg at the end of the flight stage, as shown in Figure 9 .
With the increase of the lift-drag ratio, the distribution error of the apogee gradually decreases from 1300 km (@L/D = 0.2) to 100 km (@L/D = 0.4), and the distribution error of the perigee does not change significantly, and it is always maintained at −15 km~35 km. In addition, when the lift-drag ratio is less than 0.2, the apogee appears obvious distribution expansion phenomenon. The bank angle most of the time is in a saturated state because of less lift, the probe cannot track the reference altitude change rate h ref effectively. With the increase of the lift-drag ratio, the time of the saturated state of the bank angle is shortened and the precision of guidance is gradually increased. Table 3 gives the distribution of perigee and apogee heights for drag modulation with different parameters.
The simulation results show that the algorithm can effectively guide the probe to the predetermined orbit, while the apogee error is between 100 km and 400 km and the perigee error is about 5-6 km. The guidance performance is similar to the lift modulation when L/D > 0.3. With the value of k v1 increasing, the guidance performance improved gradually and the variation range of the ballistic coefficient increased gradually. The control variable β appears saturated when k v1 = −18 6, and there is a significant fluctuation of the tracking error (see Figure 16 ), but it does not affect the aerocapture guidance accuracy. This is because the velocity at the atmosphere interface is the main factor affecting the aerocapture accuracy. Although the tracking error of the intermediate process will affect the exit state, it can be compensated during the subsequent flight, so there is no significant influence on the final trajectory.
In addition, there is a constant deviation of the apogee which is associated with the guidance parameter. The reason is similar to the lift modulation guidance algorithm. When the probe is about to exit the atmosphere, the drag acceleration reduces to a low level resulting in the loss of control ability which leads to the guidance bias.
Conclusion
In this paper, the aerocapture guidance algorithms for lift modulation and drag modulation are studied around Mars exploration, and the guidance performance and corridor are analyzed, respectively. An analytical predictor-corrector guidance algorithm based on drag modulation is proposed. A piecewise linear function between velocity and flight path angle is established by appropriate approximations and assumptions, and then the state at the atmosphere interface can be predicted by an analytical method; therefore, aerocapture guidance can be realized by feedback control. The simulation results show that the guidance algorithm is accurate and robust, which can effectively overcome the influence of atmospheric density error, aerodynamic parameter error, and initial state uncertainty.
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